Laser-based range measurement systems (LI-DAR) are important in many application areas including autonomous vehicles, robotics, manufacturing, formation-flying of satellites, and basic science. Coherent laser ranging systems using dual frequency combs provide an unprecedented combination of long range, high precision and fast update rate. Here, dual-comb distance measurement using chip-based soliton microcombs is demonstrated. Moreover, the dual frequency combs are generated within a single microresonator as counter-propating solitons using a single pump laser. Time-of-flight measurement with 200 nm precision at 500 ms averaging time is demonstrated. Also, the dual comb method extends the ambiguity distance to 26 km despite a soliton spatial period of only 16 mm. This chip-based source is an important step towards miniature dual-comb laser ranging systems that are suitable for photonic integration.
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The invention of the optical frequency comb has had a major impact on laser ranging systems. In addition to providing a highly accurate frequency calibration source in methods such as multi-wavelength interferometry 1 and frequency-modulated continuous wave laser interferometry 2 , frequency combs have enabled a new method of ranging called dual-comb LIDAR 3 (DCL). In this method, two frequency combs having slightly different repetition rates are phase locked. In the detection process, the resulting intercomb beats create a repetitive interferogram that is able to attain subnanometer range precision. At the same time, the ambiguity range of the combined comb system is greatly extended beyond the pulse-to-pulse separation distance of each comb. Applications of DCL systems would benefit from more compact and miniature comb systems, and the recent development of a miniature frequency comb (microcomb 4, 5 ) suggests that chip-integrated DCL systems may be possible. Microcombs have been demonstrated in several material systems 4,6-10 and many implementations are monolithic on a silicon wafer so that integration with both other photonic components 11-13 as well as electronics is possible. If applied to DCLs, full integration would enable scalable manufacturing for mass market applications.
A recent advancement in microcombs has been the realization of soliton mode-locking [14] [15] [16] [17] [18] , which provides phase-locked femtosecond pulses with GigaHertz to TeraHertz repetition rates. Soliton microcombs are being studied in several frequency comb applications, including optical frequency synthesis 19 , secondary time standards 20 , and dual comb spectroscopy [21] [22] [23] . In this work, we demonstrate time-of-flight distance measurement using a chip-based dual-soliton source. Beyond the demonstration of microcomb LIDAR, the two soliton streams are generated as counter-propagating solitons within a single resonator 24 . This simplifies the system by eliminating the need for two resonators and two pump lasers. It also improves the mutual coherence between the two combs.
The experimental setup is shown in figure 1a . As described there, two pump fields are coupled to the microresonator along the clockwise (CW) and counterclockwise (CCW) directions of a common whispering-gallery resonance. The microresonator is a silica wedge disk fabricated on a silicon wafer 26 . The resonator had an unloaded quality factor of approximately 300 ∼ 500 million and a 7 mm diameter corresponding to a 9.36 GHz free spectral range (FSR). With the high circulating power, frequency combs are initiated by way of parametric oscillation 27, 28 and are broadened by cascaded fourwave mixing 4, 5 . Solitons are generated in both CW and CCW directions and stabilized using a feedback loop as described elsewhere 25 . The servo control holds the frequency detuning of one pump direction fixed relative to the cavity resonant frequency, while the second pump frequency can be independently tuned using an AOM. The generated CW/CCW soliton streams are coupled in opposing directions to the optical fiber and then transferred towards the LIDAR setup by using circulators.
To characterize the solitons the CW and CCW solitons are also combined by tapping power from the main fiber using the dotted paths in figure 1a . Superimposed optical spectra of the CW and CCW solitons (measured on the OSA) are shown in figure 1b. The characteristic hyperbolic-secant-square function (green dotted curve) is fit to the spectral envelope and a soliton pulse width of 200 fs is determined from this fitting. The combined soliton streams were also detected by two PDs. The output voltage of one of the PDs measured using an oscilloscope is shown in the figure 1c inset. The periodic pulses in this time trace reflect the periodic interference of the dual soliton pulse streams as they stroboscopically interfere on account of the slight difference in their respective repetition rates (∆f rep ∼ 18 kHz). A fiber laser at 1550 nm is amplified by an erbium-doped fiber amplifier (EDFA) and split using a 50/50 coupler to pump the resonator in two directions. In each path, an acousto-optic modulator (AOM) is used to modulate the pump power for soliton triggering and to tune the pump frequency. The pump light is coupled into the microresonator by evanescent coupling via a fiber taper, and the polarization of the pump laser is adjusted using a polarization controller (PC). Solitons are triggered in both CW and CCW direction, and stabilized by a servo feedback loop using the soliton power detected at a photodetector (PD) as an error signal 25 . A fiber bragg grating (FBG) filter is used to attenuate the transmitted pump power. An optical spectrum analyzer (OSA) and electrical spectrum analyzer (ESA) are used to analyze the dual-soliton source. For distance detection, the CW soliton stream is split into two paths: the reference path (green dotted line) and the target path (orange dotted line). The target path includes a circulator, fiber delay line, fiber collimator and mirror. The CW soliton streams of both paths are combined with the CCW soliton stream (blue dotted line) and photodetected. (b) Typical optical spectra of the CW/CCW solitons. Hyperbolic-secant-square fit (green dotted curve) using a soliton pulse width of 200 fs as a fitting parameter is overlaid onto the spectra. linewidth of the pump beat note is approximately 20 Hz and is limited by noise in the AOM driver used to create the two pump frequencies (see figure 1a) . The linewidths of the interferogram spectral lines are observed to become continuously narrower as the frequency of spectral lines decreases from ∆f pump towards zero frequency. This decreasing linewidth results from the phase locking of the CW and CCW solitons and their relative repetition rates 24 .
Using a fast PD (50 GHz bandwidth), the electrical power spectrum of the detected dual soliton pulse streams was measured on the ESA (figure 1d). The repetition frequency (f rep ) is approximately 9.36 GHz. When the electrical spectrum is zoomed-in near f rep ( fig. 1d inset) , the two distinct repetition frequencies of the CW/CCW solitons are resolved. The repetition frequency difference (∆f rep ) between CW and CCW solitons is adjusted by tuning the frequency difference of the two pump lasers (∆f pump ) using the AOMs. This tuning has been shown to result from the Raman-induced soliton self-frequency shift 24 , and typically, ∆f rep increases with increasing ∆f pump . The maximum ∆f rep ∼ 20 kHz is achieved when ∆f pump ∼ 3 MHz as shown in figure  1e . Here, the maximum ∆f pump is limited by the 3dB frequency shift range of the AOM.
The two soliton streams are coupled into the LIDAR setup shown in figure 1a (right red panel) . In the figure, the CW soliton stream is used to acquire the distance information. It is split into a reference path (green dotted arrow) and target path (orange dotted arrow) via the 50/50 coupler. The target path (CW) soliton stream also passes through a circulator on its way to a gradientindex (GRIN) collimator. The collimator emits the soliton pulses towards a target mirror. The CW soliton stream reflected from the target is collected by the collimator and then combined with the reference CW soliton stream. A fiber delay line (approximately 15 m physical path length) was added before the collimator to increase the effective target distance. The distance difference between the reference path and the target path includes a roundtrip through the fiber delay and the free-space path. It also includes the two fiber segments at the circulator (see figure 1a) . In the data, this distance difference is divided by two. Finally, the CW soliton stream carrying the distance information (green/orange dotted arrow) is combined with CCW soliton stream (blue dotted arrow) to generate the interferogram. The polarization of the CCW soliton stream is adjusted to maximize the target reflection peaks in the interferogram. ∆f rep ∼ 5.685 kHz. The temporal location of the peaks in the electrical pulse stream is determined by Hilbert transforming the interferogram. The time interval between a reference peak and a target peak is then calculated for each period. The time interval at each period is converted to the distance scale and plotted in figure 2c . The time increment in the plot is the interferogram period (176 µs). The averaged target distance is 4.637429 mm. The ambiguity range is 16 mm, corresponding to 1/2 of the pulse-to-pulse distance separation at the 9.36 GHz soliton repetition rate. The right panel of figure 2c shows one time period of the Hilbert transformed interferogram near 1 s in the measurement (the vertical dotted line in left panel). The inset of the right panel gives the zoomed-in target intensity peak and shows the full-width half-maximum pulse width of ∼ 1.45 µs. Figure 3 studies the precision of the time-of-flight distance measurement. The Allan deviation of the timeseries distance is calculated at averaging times ranging from 352 µs to 667 ms. By fitting the plot in figure  3 , the measured precision is σ ∼ 10 µm (T update /T ) 1/2 , where T update ∼ 176 µs is the update time and T is the averaging time. Near 500 ms averaging time, a precision of 200 nm is achieved.
The distance measurement shown in figure 2c has a range ambiguity of 16 mm. To greatly extend this ambiguity range, a similar distance measurement was performed after swapping the roles of two soliton streams. As described elsewhere, the Vernier effect resulting from the difference in the soliton repetition rates can then be used to resolve the range ambiguity 3 . Figure 4 shows a If this uncertainty were below the pulse-to-pulse range ambiguity, which would require a precision of (c∆f rep )/(2 √ 2f 2 rep ) (6.88 nm in this experiment), then a nanometer-scale precision would be possible in the ambiguity-resolved case 3 . Because the precision of the current measurement is limited by noise in the electrical driver of the AOMs, using a lower noise driver could dramatically improve the precision. Complementary interferometric measurement in addition to the time-of-flight could also improve the precision. Finally, increasing ∆f rep makes it easier to achieve better precision in the ambiguity resolved case, and it allows greater averaging of distance data over a given interval which also improves precision.
In current work, the update time of ∼ 176 µs and the ambiguity range of ∼ 26 km are determined by ∆f rep = 5.685 kHz, which can be tuned by changing ∆f pump . The tunability of ∆f rep makes the dual soliton source interesting in that the LIDAR system can be adjusted to provide an optimal update time and ambiguity range according to the application. For example, in applications requiring faster update rate, increasing ∆f rep to 1 MHz can improve the update time to 1 µs with a reduced ambiguity range of 150 m.
In summary, a soliton dual comb LIDAR system has been demonstrated using a single, chip-based microresonator pumped by a single laser. Sources like this can be be used to miniaturize and simplify conventional dualcomb ranging systems. Moreover, using a waveguideintegrated structure 29 to generate the solitons, the chipbased dual-soliton source can be integrated with other on-chip optical components including elements necessary to create an optical phased array 30 for beam steering.
Note: The authors would like to draw the readers' attention to other soliton microcomb range measurement work 31 , which was reported while preparing this manuscript.
